Neuronal precursors produced in the subventricular zone throughout an animal's life migrate tangentially along the rostral migratory stream and, once in the olfactory bulb (OB), turn to migrate radially to the bulbar layers, where they differentiate into interneurons. Despite extensive investigations, it has remained largely unknown whether the same molecular mechanisms control OB neurogenesis during early postnatal development and in adulthood. In this study, we show that the extracellular matrix glycoprotein tenascin-R (TNR) is produced in the granule cell layer of the OB and that its expression increases during postnatal development. Time-lapse video imaging and morphological analyses revealed that a lack of TNR decreases the radial migration of neuronal precursors in the adult, but not in the developing OB. A lack of TNR also reduces spine development of newborn neurons in adult mice. To understand the functional consequences of a lack of TNR, we performed electrophysiological and behavioral studies on young and adult mice. Electrophysiological recordings showed that mitral cells, the target cells of newly generated interneurons, receive reduced spontaneous and evoked inhibitory activity in adult, but not young, TNR knock-out mice. Moreover, the synchronized activity of mitral cells was decreased in the OB of adult TNR knock-out mice. Behavioral studies revealed that the lower numbers of newborn interneurons in the adult OB induce alterations in short-term odor memory. Our results indicate that TNR modulates adult but not developmental neurogenesis in the OB and also highlight that the regulation of OB neurogenesis can vary during an animal's lifetime.
Introduction
In the rodent forebrain, olfactory bulb (OB) interneurons are continuously replenished throughout an animal's lifetime. While some bulbar interneurons are produced during embryonic development (Wichterle et al., 2001; Vergaño-Vera et al., 2006) , the majority of interneuronal production peaks during the perinatal period and continues throughout adulthood (Altman, 1969; Batista-Brito et al., 2008) . In the postnatal period, stem cells in the subventricular zone (SVZ) of the lateral ventricle give rise to transit amplifying cells, which in turn produce neuroblasts (Kriegstein and Alvarez-Buylla, 2009 ). The neuroblasts migrate tangentially in the rostral migratory stream (RMS) and, when they reach the core of the OB, turn to migrate radially toward the granule cell layer (GCL) and glomerular layer (GL) of the OB (Kriegstein and Alvarez-Buylla, 2009 ). These cells mature in the OB, form functional synapses with principal neurons, and modulate some but not all odor-associated behaviors (Imayoshi et al., 2008; Breton-Provencher et al., 2009; Lazarini and Lledo, 2011; Mandairon et al., 2011; Breton-Provencher and Saghatelyan, 2012) .
Both extrinsic and intrinsic mechanisms have been shown to control and modulate the various stages of postnatal neurogenesis. A multitude of molecular cues and signaling pathways have been identified and implicated in the orchestration of neurogenesis . However, it is not clear whether these molecular cues and signaling pathways are equally involved in regulating both perinatal and adult OB neurogenesis or whether some of the processes governing postnatal neurogenesis are regulated in different ways during distinct periods of an animal's life. Importantly, structural and functional differences between bulbar interneurons born at different periods during an animal's life have been observed Kelsch et al., 2008; Nissant et al., 2009; Breton-Provencher and Saghatelyan, 2012) . For example, the bulbar interneurons born during the perinatal period are predominantly located in the superficial GCL, whereas those born during adulthood are preferentially located in the deep GCL Imayoshi et al., 2008) . It is thus conceivable that the mechanisms controlling the targeting of newborn interneurons during different postnatal periods are distinct.
The extracellular matrix glycoprotein tenascin-R (TNR) affects the arrival of newborn interneurons in the adult OB , and in some regions of the nervous system (e.g., the retina) TNR expression begins postnatally at 1 week, peaks at 2-3 weeks, and then remains stable throughout adulthood . We thus hypothesized that TNR might specifically regulate adult, but not perinatal, OB neurogenesis. We used morphological, time-lapse video imaging and electrophysiological approaches to show that a lack of TNR reduces the radial migration of neuroblasts in the OB, decreases the spine density of newborn neurons, and diminishes the inhibition and synchronized activity of mitral cells in the adult but not perinatal OB. Using a behavioral approach we show that these alterations lead to a reduced short-term memory in adult, but not young mice. The combined observations indicate that the mechanisms controlling postnatal neurogenesis are distinct at different periods during an animal's lifetime.
Materials and Methods
Animals [25] [26] [27] [28] [29] [30] and TNR knock-out (Ϫ/Ϫ) mice (Weber et al., 1999) were obtained from the breeding of TNR heterozygous animals backcrossed to C57BL/6 mice for at least 10 generations. All experiments were approved by the Université Laval animal protection committee. The mice were kept on a 12 h light/ dark cycle at a constant temperature (22°C) with food and water available ad libitum.
Immunohistochemistry and bromodeoxyuridine labeling
Immunohistochemistry and bromodeoxyuridine (BrdU) labeling were performed as described previously (Snapyan et al., 2009; Bozoyan et al., 2012) . Briefly, the mice were deeply anesthetized and transcardially perfused with 0.9% NaCl followed by 4% paraformaldehyde (PFA). The brains were post-fixed in 4% PFA overnight at 4°C, and 40-m-thick free-floating vibratome (VT 1000S; Leica) sections were incubated with a mouse anti-TNR (1:50; R&D Systems) monoclonal antibody and then with an Alexa Fluor-conjugated anti-mouse 488 secondary antibody (1: 1000; Life Technologies).
The DNA synthesis marker BrdU (Sigma) was dissolved in sterile 0.9% NaCl and 0.4N NaOH. Ten-day-old [postnatal day 10 (P10)] mice were injected intraperitoneally with a 25 mg/kg BrdU solution. The adult mice were injected with 50 mg/kg BrdU. To study the proliferation of neuronal precursors during the perinatal period, P10 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice received a single BrdU injection and were killed 1 h later. To study the arrival of neuroblasts in the OB, P10 mice were given two BrdU injections with an interval of 2 h and were killed 5 d later. To quantify the number of newborn interneurons integrating into the OB of TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, two BrdU pulses with an interval of 2 h were administered at P10 or at P60, and the mice were killed 21 d later, allowing the labeled cells in the SVZ to migrate to the OB and integrate into the GCL and GL.
Serial coronal sections from the anterior tip of the OB to the SVZ were BrdU immunostained as described previously (Snapyan et al., 2009) . Briefly, the sections were treated with 2N HCl for 40 min at 37°C to denature the DNA. They were then incubated overnight with a rat antiBrdU monoclonal antibody (1:500; Serotec) at 4°C in 0.2% Triton-X supplemented with 4% BSA, then with secondary anti-rat biotinylated antibody (1:500; ThermoScientific) for 3 h at room temperature, and finally with avidin-biotin (ABC kit, Vectastain Elite; Vector Laboratories). Labeling was revealed using 0.05% diaminobenzidine in the presence of H 2 O 2 . The sections were mounted, dried, dehydrated in a series of alcohol baths, and counterstained with cresyl violet to measure the areas of the SVZ, RMS, RMS of the OB (RMS OB ), GCL, and GL. Sections were analyzed using an upright BX51 microscope equipped with a motorized stage (Olympus).
Western blot analysis
OBs from P4, P7, P15, P30, and P60 mice were collected and homogenized in lysis buffer (50 mM HCl, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 10 mM sodium ␤-glycerophosphate, 0.1% 2-mercaptoethanol, and 1% Triton X-100, pH 7.5) containing Protease Inhibitor Cocktail Set III (Calbiochem). The homogenates were sonicated and then centrifuged at 13,000 ϫ g at 4°C for 20 min to remove insoluble material. The protein concentration in each supernatant was quantified, 60 g of protein was separated on NuPage 4 -12% Bis-Tris gels (Life Technologies), and the bands were transferred to a nitrocellulose membrane (GE Healthcare). The membrane was cut horizontally into two parts at ϳ60 kDa. The upper part was incubated with the mouse anti-TNR antibody (1:100), and the lower was incubated with a mouse anti-actin antibody (1:3000; Cedarlane). The membranes were then incubated with an anti-mouse HRP-conjugated secondary antibody, and the bands were revealed using ECL (GE Healthcare). Two bands (180 and 160 kDa) corresponding to the two isoforms of TNR were detected. TNR expression was normalized to that of actin in the corresponding sample.
Stereotaxic injections
To study neuroblast migration and maturation, GFP-encoding lentiviruses or retroviruses were injected into the RMS of P10 and P60 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice at the following coordinates (in millimeters, with respect to the bregma): for P10, anterior-posterior 2.05, medial-lateral 0.65, and dorsal-ventral 2.7; and for P60, anterior-posterior 2.55, mediallateral 0.82, and dorsal-ventral 3.15. To study dendritic arborization and spine density of newborn cells in both genotypes, a GFP-expressing lentivirus was injected into the RMS, and the mice were killed 21 d later. To explore whether possible changes in the spine density in TNR Ϫ/Ϫ mice result from the direct effect of TNR on the spine development of newborn cells or are a consequence of affected migration, a GFPexpressing lentivirus was injected into the RMS of TNR ϩ/ϩ mice and 10 d later anti-TNR antibodies (100 g/ml, 500 nl per injection site; R&D Systems) were injected into the OB at the following coordinates (in millimeters, with respect to the bregma): anterior-posterior 4.70, medial-lateral 1.5, and dorsal-ventral 0.45; and anterior-posterior 5.3, medial-lateral 1.2, and dorsal-ventral 0.6, respectively. The mice were perfused following an additional 4 d, and the spine density of newborn granule cells was analyzed as described below in morphological analysis. To perform time-lapse video imaging of tangential and radial migration in the OB of TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, GFPencoding retroviruses were injected into the RMS, and horizontal 250-m-thick slices were prepared 7 d later as described below in slice preparation and time-lapse video imaging.
Morphological analysis
To analyze the dendritic arborization and spine density of newborn cells, mice of both genotypes were deeply anesthetized and were perfused transcardially with 4% PFA. The brains were then postfixed overnight in 4% PFA at 4°C. The OBs were embedded in a block of 4% agar, and horizontal 100-m-thick slices were prepared. The slices were mounted and coverslipped with fluorescence mounting medium (Dako). Images of GFP-labeled granule cells were acquired using a 60ϫ oil emersion objective on a FV1000 confocal microscope equipped with argon 488 nm, helium-neon 543 nm, and helium-neon 633 nm lasers (Olympus). For analysis of spine density of GFP-labeled newborn cells, part of the distal dendrites projecting toward the external plexiform layer was randomly chosen, and images were reacquired using a 60ϫ oil emersion objective with a 3ϫ zoom. Images were analyzed manually using Fluoview software (Olympus) to measure the lengths of the primary and secondary dendrites. Spine density was calculated by counting the number of spines on a given length of dendrite.
In the TNR ϩ/ϩ mice that received injections of mouse anti-TNR antibodies in the adult OB, 10 d after infection of neuroblasts in the RMS with GFP-encoding lentivirus, the animals were perfused transcardially and the sections were incubated with anti-mouse Alexa Fluor 568 secondary antibodies. The spine density of newborn granule cells was calculated in the injection sites of anti-TNR antibody [near injection site (NIS)] and compared with spine density in the regions located far away from the injection site (FIS). In control experiments, Alexa Fluor 568 secondary antibody was injected instead of anti-TNR antibody.
Slice preparation and time-lapse video imaging
Acute horizontal 250-m-thick slices were prepared for electrophysiological recordings and time-lapse video imaging of cell migration in the OB of TNR ϩ/ϩ and TNR Ϫ/Ϫ mice. The adult mice were first perfused transcardially with ice-cold sucrose-based artificial CSF (ACSF) containing the following (in mM): 250 sucrose, 3 KCl, 0.5 CaCl 2 , 3 MgCl 2 , 25 NaHCO 3 , 1.25 NaHPO 4 , and 10 glucose. The brains were rapidly removed and immersed in the solution used for the transcardiac perfusion. Horizontal slices of the OBs were obtained using a vibratome. After a 30 min recovery period at 32°C, the slices were placed in the recording chamber and were continuously perfused with oxygenated ACSF containing the following (in mM): 124 NaCl, 3 KCl, 2 CaCl 2 , 1.3 MgCl 2 , 25 NaHCO 3 , 1.25 NaHPO 4 , and 10 glucose at a rate of 1.5-2 ml/min (bubbled with 95% O 2 /5% CO 2 ; pH Ϸ7.4). For time-lapse video imaging of cell migration, multiple z-stack images (at least 6 -10 z-sections at 3-5 m intervals) were acquired every 30 s for at least 2 h using a BX61WI up-right microscope (Olympus) equipped with a CCD camera (CoolSnap HQ2). Cell migration was analyzed manually using ImagePro software (Media Cybernetics). The total displacement during 1 h of cell migration, the speed of migration, and the percentage of the stationary phase with respect to the total migration time were calculated. For analysis of the stationary periods, only those phases that were intercepted by two migratory periods were used. Time-lapse video images of the RMS OB and GCL were acquired to track tangential migration of neuroblasts in the RMS OB , and radial migration in the RMS OB and GCL.
Patch-clamp recordings
For electrophysiological recordings, we prepared acute slices from young P25-P30 and adult P60 -P120 mice. We choose P25-P30 since bulbar interneurons that are produced during the first 2 postnatal weeks require 2-3 weeks to arrive and integrate into the bulbar network. Acute horizontal 250-m-thick vibratome slices from the OBs were prepared for patch-clamp recordings as described above. Recordings were made using a Multiclamp 700A amplifier (Molecular Devices). Patch electrodes with resistances ranging from 2.5 to 4 M⍀ were filled with an intracellular solution containing the following (in mM): 135 CsCl, 10 HEPES, 0.2 EGTA, 2 ATP, 0.3 GTP, and 10 glucose, pH Ϸ7.2. Spontaneous IPSCs (sIPSCs) were isolated by bath application of 5 mM kynurenic acid (Kyn) to block glutamatergic activity. Miniature IPSCs (mIPSCs) were isolated by applying 1 M tetrodotoxin (TTX) to block voltage-sensitive sodium channels in the presence of 5 mM Kyn. Magnesium-free ACSF containing 1 M TTX was used to record evoked dendrodendritic currents. The mitral cells were depolarized to 0 mV with voltage steps of varying durations, and dendrodendritic currents were recorded from the same mitral cells. The recordings were first performed under control conditions, i.e., in the presence of Mg-free ACSF containing 1 M TTX. A GABA A receptor antagonist [50 M bicuculline methochloride (BMI)] was then applied together with 1 M TTX, and evoked currents were recorded again. The traces representing dendrodendritic inhibition (DDI) responses were obtained by subtracting the traces recorded in the presence of BMI (Mg-free ACSF with TTX and BMI) from those recorded under control conditions (Mg-free ACSF with TTX).
Local field potential recordings
To record local field potentials (LFPs), the electrodes were filled with 2 M NaCl. The slices were prepared using the protocol for the patch-clamp recordings and were maintained at 35°C throughout the recordings. The olfactory nerve layer was stimulated with a glass microelectrode in the range of 150 -250 A using an A360 stimulus isolator (World Precision Instruments). The recordings were made using a Multiclamp 700B amplifier (Molecular Devices). LFP recordings were made in the mitral cell layer in the absence and presence of the GABA A receptor antagonist gabazine (20 M). Only the recordings showing a significant reduction in the oscillation index (see below) in the presence of gabazine were kept for analysis. To analyze LFP oscillations, we used a custom-tailored program written in Matlab (Mathworks) to calculate the frequency spectrum and autocorrelation using a fast Fourier transform algorithm. The oscillation index, a measure of oscillation power, was calculated as follows:
where DFT pre ( f ) and DFT post ( f ) represent discrete Fourier transforms evaluated over a 200 ms window taken before and after the stimulus, respectively. This formula represents the sum of the oscillation amplitudes recorded at all frequencies between 20 and 80 Hz after the stimulus was normalized to the frequency amplitudes (from the same range) recorded before the stimulus. Similar results were obtained when the oscillation index was defined as the second peak height of the normalized autocorrelation function.
Behavior
Olfactory behavior was assessed on age-matched male mice at P25-P30, and the same cohort of mice was retested using the same olfactory tests at 3-4 months of age. Each mouse was individually housed and provided with food and water ad libitum. The mice were maintained in a 12 h inverted light/dark cycle and initially were subjected to a 5 d habituation (Hab) period to familiarize the mice with the test environment. During the habituation period, the home cages were used as testing chambers where the feeding grid was replaced by a clean grid from which Pasteur pipettes containing the filter paper inserts were suspended. The filter paper inserts were saturated with test odor (diluted in mineral oil) or mineral oil alone (control).
Odor detection threshold. Upon completion of the 5 d habituation period, which allowed the mice to familiarize themselves with the test procedures, the odor detection thresholds were assessed. The mice were presented with two pipettes for 5 min, one containing a filter paper insert saturated with mineral oil (control) and the other with octanol (test odor) diluted in mineral oil to different concentrations (10 Ϫ7 , 10 Ϫ5 , 10 Ϫ4 , and 10 Ϫ3 ). Each concentration was tested during separate sessions in ascending order. The time spent investigating the two pipettes was recorded. The mice were considered to be able to detect the test odor if the time spent investigating the test pipette was longer than the time spent investigating the control pipette.
Odor discrimination. The olfactory discrimination task is a habituation/dishabituation (Dishab) test. During the habituation protocol, which consisted of three successive 5 min trials with a 15 min interval between each exposure, the mice were presented with heptanol (Hept) diluted 10 Ϫ3 . During the successive exposures, the total investigation time progressively decreased as the mice became habituated to the odor. The final exposure represented the dishabituation protocol, where a novel odor [limonene (Lim)] was presented mixed with heptanol at varying percentages (Hab: 100% Hept; Dishab: 100% Lim; 30% Hept/70% Lim; 42% Hept/58% Lim; 46% Hept/54% Lim; 49% Hept/51% Lim; and 58% Hept/42% Lim). The mice were considered to be able to discriminate the novel odor from the odor they were habituated to if the investigation time during the dishabituation exposure was longer than the investigation time recorded during the third and final habituation phase.
Olfactory short-term memory. After a 4 d habituation period, reverse light/dark cycle individually housed mice were exposed to the same odor during two 5 min sessions separated by a 30, 60, 90, or 120 min interval. The pipette containing the odor was inserted randomly in the cage grid to avoid a spatial recognition effect. Individually housed mice were presented with the same odor during two 5 min sessions separated by a 30, 60, 90, or 120 min interval between the two presentations. The odors used were (ϩ) terpinen-4-ol, limonene (Ϫ), decanal, and valeric acid for the 1-month-old mice; and (ϩ) terpinen-4-ol, limonene (Ϫ), carvone (Ϫ), and valeric acid for the 4-month-old mice. All odors were purchased from Sigma and were diluted 10 Ϫ3 . The mice were considered to remember the odor if there was a significant decrease in the time taken to investigate the second odor compared with the first odor.
Statistical analysis
Results are expressed as means Ϯ SEM. Statistical significance was determined using the Student's t test (*p Ͻ 0.05 and **p Ͻ 0.01).
Results

Tenascin-R is expressed during late perinatal development in the OB
To establish the spatio-temporal expression profile of TNR in the OB, we performed immunohistochemical and quantitative Western blot analyses. TNR immunofluorescence performed on coronal OB sections from P4, P7, P14, P30, and P60 mice revealed that TNR expression becomes detectable at P7 in the GCL around the rostral migratory stream in the RMS OB (Fig. 1a) . Expression increased during the second to third postnatal weeks and peaked at P30 (Fig. 1a) . At P30, TNR was homogeneously expressed in the GCL and GL, but not in the RMS OB . This spatial pattern was maintained throughout life.
To quantify TNR levels at different development stages, we performed quantitative Western blot analyses using protein samples extracted from the OBs of P4, P7, P15, P30, and P60 mice. Two bands (160 and 180 kDa) representing the two isoforms of TNR were detected at all ages (Fig. 1b) . The Western blot results revealed that TNR expression is low at P4 -P7, is increased at P15, peaks at P30, and is subsequently maintained at this level throughout adulthood (Fig. 1c) , which is in agreement with the immunofluorescence results.
Lack of TNR does not affect perinatal neurogenesis in the OB
We previously demonstrated that the absence of TNR leads to a decrease in the number of interneurons in the adult OB, without affecting the proliferation and tangential migration of neuroblasts . However, TNR expression is low during the first and second postnatal weeks when the majority of bulbar interneurons arrive in the OB (Altman, 1969; BatistaBrito et al., 2008) . We thus asked whether TNR plays a role in the bulbar neurogenesis at these early postnatal ages. We thus investigated whether a lack of TNR during the early postnatal period would affect the number of cells that integrate into the OB. We injected BrdU into P10 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice and analyzed cell proliferation, migration, and survival in the SVZ-OB pathway (Fig. 2a) . To determine whether a lack of TNR affects cell proliferation, a single BrdU pulse was administered to P10 mice, which were killed 1 h later. Immunolabeling for BrdU revealed dense BrdUϩ profiles in the SVZ and at the outer borders of the RMS (Fig. 2b) , as reported previously (Pencea and Luskin, 2003) . No difference in BrdUϩ cell density between the genotypes was observed ϩ/ϩ mice from the early perinatal period to adulthood. TNR expression appears immediately around the RMS OB at P7. b, Western blot analysis of OB samples from P4, P7, P15, P30, and P60 mice showing the late expression of TNR and the significant increase in both of its isoforms (160 and 180 kDa) with age. Actin was used as a loading control. c, Quantification of the expression of TNR in the OB. The optical density of the bands representing the two isoforms of TNR were normalized to the actin band from the same sample and were then plotted versus age to shown changes in the expression of the protein during postnatal development. Values are expressed as means Ϯ SEM (n ϭ 3 OB extracts from TNR ϩ/ϩ and Ϫ/Ϫ mice at each age). *p Ͻ 0.05 with Student's t test.
(3754.5 Ϯ 352.0 cells/mm 2 for TNR ϩ/ϩ mice; and 3827.3 Ϯ 248.7 cells/mm 2 for TNR Ϫ/Ϫ mice; n ϭ 3 mice per group) (Fig. 2d) . To determine whether a lack of TNR affects the tangential migration of neuroblasts at early postnatal ages, two BrdU pulses were given to P10 mice, which were killed 5 d later when most of the BrdUϩ cells had reached the RMS OB (Fig. 2c) (Fig. 2f ) . These results indicated that a lack of TNR does not affect cell proliferation in the SVZ and RMS, migration in the RMS and OB, or integration into the OB during early postnatal periods. These results are consistent with the levels of TNR expression in the OB (Fig. 1 ) and sharply contrast with the role of TNR during adult OB neurogenesis . While the accumulation of neuroblasts in the RMS OB has been attributed to defects in radial migration , cell migration in the OBs of TNR ϩ/ϩ and TNR Ϫ/Ϫ mice has not been monitored. In addition, radial migration is a multistep process, which includes arrest of tangential migration, initiation of radial migration in the RMS OB , and maintenance of radial migration in the GCL of the OB. We used time-lapse video imaging of cell migration in acute horizontal slices of the forebrains of both genotypes and at different developmental ages to determine which of these processes is affected by a lack of TNR in the adult but not early postnatal OB.
Radial migration of neuroblasts is impaired in the RMS OB and GCL of adult TNR
؊/؊ mice While the time-lapse imaging of tangentially migrating neuroblasts in the RMS has been routinely studied (Murase and Horwitz, 2002; Bolteus and Bordey, 2004; Kim et al., 2009; Snapyan et al., 2009) , little is known about the dynamics of radially migrating neuroblasts in the RMS OB and GCL of the OB at different developmental ages. In addition, it is not clear how the tangential migration of neuronal precursors in the RMS OB is modified when cells turn 90°and initiate radial migration. To address these issues and understand how a lack of TNR affects the migration of neuronal precursors in the adult but not early postnatal OB, we performed time-lapse video imaging of GFP-labeled neuroblasts in acute horizontal slices over a time period of 2 h (Figs. 3, 4) . The cells were then subdivided into three groups, depending on whether they migrated tangentially in the RMS OB (Figs. 3a, 4a) , radially in the RMS OB (Figs. 3b, 4b ), or radially in the GCL (Figs. 3c, 4c) .
We first performed time-lapse video imaging of cell migration in slices prepared from P15-P16 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice that mice, n ϭ 43 cells) migrated the same distance during a 1 h recording in both genotypes ( Fig. 3a-d) . Similarly, no changes in the speed of migration of tangentially (80.9 Ϯ 4.7 m for TNR ϩ/ϩ mice, n ϭ 30 cells; and 76.4 Ϯ 2.0 m for TNR Ϫ/Ϫ mice, n ϭ 53 cells) and radially (80.0 Ϯ 2.5 m for TNR ϩ/ϩ mice, n ϭ 25 cells; and 75.6 Ϯ 1.5 m for TNR Ϫ/Ϫ mice, n ϭ 39 cells) migrating neuroblasts in the RMS OB as well as radially migrating cells in the GCL (78.8 Ϯ 2.5 m for TNR ϩ/ϩ mice, n ϭ 26 cells; and 76.4 Ϯ 2.0 m for TNR Ϫ/Ϫ mice, n ϭ 43 cells) was observed (Fig. 3e) . Neuroblast migration in the SVZ-OB pathway is saltatory, with the migratory phases interrupted by the stationary periods. We thus calculated the amount of time that neuroblasts spent in the stationary phase and again did not detect any changes for neuroblasts migrating tangentially (61.6 Ϯ 5.6% for TNR ϩ/ϩ mice, n ϭ 30 cells; and 61.1 Ϯ 2.8% for TNR Ϫ/Ϫ mice, n ϭ 53 cells) and radially (72.2 Ϯ 2.4% for TNR ϩ/ϩ mice, n ϭ 25 cells; and 67.5 Ϯ 1.9% for TNR Ϫ/Ϫ mice, n ϭ 39 cells) in the RMS OB as well as radially in the GCL (68.8 Ϯ 3.6% for TNR ϩ/ϩ mice, n ϭ 26 cells; and 69.0 Ϯ 1.7% for TNR Ϫ/Ϫ mice, n ϭ 43 cells) (Fig.  3f ) . These data are in line with our BrdU analysis (Fig. 2) and show that migration of neuronal precursors in the early postnatal TNR Ϫ/Ϫ is undistinguishable from their wild-type counterparts.
We then performed time-lapse video imaging of cell migration in the adult TNR ϩ/ϩ and TNR Ϫ/Ϫ mice (Fig. 4) . Cells migrating tangentially in the RMS OB of adult TNR ϩ/ϩ and TNR Ϫ/Ϫ mice migrated the same distance during a 1 h recording (37.9 Ϯ 3.1 m for TNR ϩ/ϩ mice, n ϭ 57 cells; and 39.4 Ϯ 3.7 m for TNR Ϫ/Ϫ mice, n ϭ 36 cells) (Fig. 4d) . There was no difference in the speed of migration (91.0 Ϯ 5.0 m for TNR ϩ/ϩ mice, n ϭ 57 cells; and 100.4 Ϯ 7.1 m for TNR Ϫ/Ϫ mice, n ϭ 36 cells) (Fig. 4e) or the percentage of time the cells spent in the stationary phase during migration (59.2 Ϯ 2.6% for TNR ϩ/ϩ mice, n ϭ 57 cells; and 61.1 Ϯ 2.6% for TNR Ϫ/Ϫ mice, n ϭ 36 cells) (Fig. 4f ) .
We next examined the radial migration of neuroblasts in the RMS OB and GCL and found that the radial migration of neuroblasts in the RMS OB and the GCL of adult TNR Ϫ/Ϫ mice is indeed affected. Cells migrating radially in the RMS OB of these TNR Ϫ/Ϫ mice stayed for a significantly longer time period in the stationary phase than those of their TNR ϩ/ϩ littermates (61.9 Ϯ 1.8% for TNR ϩ/ϩ mice, n ϭ 12 cells; and 74.4 Ϯ 3.2% for TNR Ϫ/Ϫ mice, n ϭ 7 cells; p Ͻ 0.05) (Fig. 4f ) . Given this, the overall distance traveled by radially migrating neuroblasts in the RMS OB of TNR Ϫ/Ϫ mice was also lower (35.2 Ϯ 1.9 m for TNR ϩ/ϩ mice, n ϭ 12 cells; and 24.8 Ϯ 3.3 m for TNR Ϫ/Ϫ mice, n ϭ 7 cells; p Ͻ 0.05) (Fig. 4d) . However, the speed of migration was unaffected (93.2 Ϯ 3.8 m/h for TNR ϩ/ϩ mice, n ϭ 12 cells; and 96.9 Ϯ 7.3 m/h for TNR Ϫ/Ϫ mice, n ϭ 7 cells) (Fig. 4e ). Once the cells had exited the RMS OB , they maintained their radial migration to their final destination in the GCL and GL. As in the RMS OB , the radial migration of neuroblasts in the GCL was significantly altered by a lack of TNR. The overall distance traveled by radially migrating neuroblasts in the GCL during a 1 h recording (35.6 Ϯ 3.1 m for TNR ϩ/ϩ mice, n ϭ 27 cells; and 23.4 Ϯ 3.5 m for TNR Ϫ/Ϫ mice, n ϭ 12 cells; p Ͻ 0.05) (Fig. 4d ) and the percentage of time spent by the neuroblasts in the stationary phase (63.1 Ϯ 3.1% for TNR ϩ/ϩ mice, n ϭ 27 cells; and 75.0 Ϯ 3.1% for TNR Ϫ/Ϫ mice, n ϭ 12 cells; p Ͻ 0.05) (Fig. 4f ) were significantly affected in the TNR Ϫ/Ϫ mice. However, the speed of migration was unaffected (100.9 Ϯ 3.9 m/h for TNR ϩ/ϩ mice, n ϭ 27 cells; and 93.8 Ϯ 7.1 m/h for TNR Ϫ/Ϫ mice, n ϭ 12 cells) (Fig. 4e) . Thus, using time-lapse monitoring of neuroblasts migrating in the OB, we were able to directly show that a lack of TNR induces alterations in radial migration in the RMS OB and GCL but not in tangential migration in the RMS OB . A lack of TNR impaired the ability of cells to leave the RMS OB and enter the GCL, leading to the accumulation of neuroblasts in the core of the OB, as suggested previously . Our results also demonstrate that migration in the adult RMS OB and GCL is more efficient than in early developmental stages, as we have previously shown for the RMS (Bozoyan et al., 2012). 
Lack of TNR decreases the spine density of newborn granule cells in the adult OB
Lack of TNR in the hippocampus results in structural alterations in perisomatic inhibitory synapses (Nikonenko et al., 2003) . We thus investigated whether the lack of TNR in the OB also causes changes in the number of spines on newborn cells. We first measured the lengths of the primary and secondary dendrites of granule cells born at P10. GFP-encoding lentiviruses were injected into the RMS of P10 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, and the labeled cells were analyzed 21 d later (Fig.  5a ). Our analysis did not reveal any differences in the length of the primary (128.8 Ϯ 22.3 m in TNR ϩ/ϩ mice, n ϭ 80 cells from three mice; and 104.8 Ϯ 4.0 m in TNR Ϫ/Ϫ mice, n ϭ 70 cells from three mice) and secondary (381.7 Ϯ 2.7 m in TNR ϩ/ϩ mice, n ϭ 80 cells from three mice; and 362.5 Ϯ 9.3 m in TNR Ϫ/Ϫ mice, n ϭ 70 cells from three mice) (Fig. 5c ) dendrites of newborn granule cells in both genotypes. Also, no differences in the spine density of interneurons born at P10 was observed (0.44 Ϯ 0.02 spines/m in TNR ϩ/ϩ mice, n ϭ 80 cells from three mice; and 0.45 Ϯ 0.01 spines/m in TNR Ϫ/Ϫ mice, n ϭ 68 cells from three mice) (Fig. 5d) .
We next measured the lengths of the primary and secondary dendrites and the spine density of newborn granule cells in adult TNR ϩ/ϩ and TNR Ϫ/Ϫ mice. The neuroblasts were labeled by stereotaxic injection of GFP-encoding lentiviruses into the RMS of P60 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, and dendritic arborization and spine density were analyzed 21 d later. Virally labeled cells were found throughout the GCL and GL of the OBs of both genotypes (Fig. 5b) . No differences were observed in the lengths of primary (109.8 Ϯ 6.4 m in TNR ϩ/ϩ mice, n ϭ 46 cells from four mice; and 122.5 Ϯ 3.8 m in TNR Ϫ/Ϫ mice, n ϭ 49 cells from three mice) and secondary (566.4 Ϯ 40.9 m in TNR ϩ/ϩ mice, n ϭ 46 cells from four mice; and 526.2 Ϯ 21.3 m in TNR Ϫ/Ϫ mice, n ϭ 49 cells from three mice) (Fig. 5c ) dendrites of newborn granule cells in both genotypes. While the lengths of the dendrites of newborn cells were not altered by a lack of TNR, the marked difference in spine density between the two genotypes was observed (0.453 Ϯ 0.03 spines/m in TNR ϩ/ϩ mice, n ϭ 49 cells from four mice; and 0.355 Ϯ 0.015 spines/m in TNR Ϫ/Ϫ mice, n ϭ 43 cells from three mice; p Ͻ 0.05) (Fig. 5d) .
The decreased spine density of newborn granule cells in the adult TNR Ϫ/Ϫ mice can be caused either by defective radial migration or by a direct role of TNR in the spine formation and/or stabilization. To address these issues, we decided to block the TNR function in the adult OB, after the cessation of radial migration of neuroblasts. To this end, we labeled neuronal precursors by stereotaxic injection of GFP-encoding lentiviruses into the RMS of P90 TNR ϩ/ϩ mice and 10 d later when radial migration is largely completed injected anti-TNR or control antibodies into the OB. The animals were killed after an additional 4 d, and the spine density of newborn granule cells was calculated at the sites of antibodies injections (NIS) as well as at remote locations (FIS) (Fig. 6a) . Our experiments reveal that injection of anti-TNR (FIS: 0.42 Ϯ 0.02, n ϭ 24 cells; and NIS: 0.32 Ϯ 0.01, n ϭ 23 cells; p Ͻ 0.05), but not control (FIS: 0.38 Ϯ 0.002, n ϭ 50 cells; and NIS: 0.39 Ϯ 0.01, n ϭ 38 cells) antibodies reduced the spine density of newborn granule cells (Fig. 6b,c) and suggest that TNR plays a direct role in the formation and/or stabilization of spines of newborn neurons.
Altogether, our data show that a lack of TNR not only affects the radial migration of neuroblasts in the adult OB, but also alters the spine development of newborn granule cells. These defects are manifested in the adult but not in the early postnatal OB, likely due to the late expression of TNR. We thus expected that TNR Ϫ/Ϫ mice are a valuable tool for studying the relative contributions of neurons born during perinatal development and adulthood. Given this notion, we undertook electrophysiological and behavioral studies to assess the functioning of the bulbar circuitry and odor behavior in young, P25-P30 (most bulbar interneurons are produced during the first 2 postnatal weeks), and adult P90 -P120 mice. al., 2005) . In addition, spontaneous granule-to-mitral cell GABAergic inhibition also occurs in the absence of glutamatergic receptor activation through action potential-dependent and -independent GABA release (Castillo et al., 1999) . To investigate the functional consequences resulting from the reduced number of interneurons that integrate into the OBs of adult TNR Ϫ/Ϫ mice and the significantly lower spine density on interneurons that manage to integrate, we performed patch-clamp recordings from mitral cells in horizontal slices prepared from young and adult mice of both genotypes.
Lack of TNR reduces the inhibition of principal output neurons in the adult OB
We first recorded spontaneous postsynaptic currents (sPSCs) in P25-P30 mice in the presence of ACSF. Kyn (5 mM) was then bath applied to block glutamatergic transmission, allowing the recording of sIPSCs. Last, we applied 1 M TTX together with Kyn to abolish voltage-dependent sodium currents to allow recording of mIPSCs. In P25-P30 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, the amplitude (sPSCs: 41.3 Ϯ 3.9 vs 56.6 Ϯ 5.8 pA, n ϭ 8 and 10 cells, respectively; sIPSCs: 36.4 Ϯ 4.2 vs 42.3 Ϯ 4.8 pA, n ϭ 8 and 10 cells, respectively; mIPSCs: 27.6 Ϯ 3.0 vs 26.7 Ϯ 2.5 pA, n ϭ 8 and 10 cells, respectively) and frequency (sPSCs: 20.6 Ϯ 1.9 vs 17.1 Ϯ 3 Hz, n ϭ 8 and 10 cells, respectively; sIPSCs: 4.4 Ϯ 0.7 vs 5.1 Ϯ 0.9 Hz, n ϭ 8 and 10 cells, respectively; and mIPSCs: 2.5 Ϯ 0.4 vs 2.7 Ϯ 0.2 Hz, n ϭ 8 and 10 cells, respectively) of the sPSCs, sIPSCs, and mIPSCs were unaffected (Fig.  7a,b ). There were also no changes in the rise time and decay time of mIPSCs (data not shown). We thus concluded that at P25-P30 both genotypes exhibit the same level of inhibition in their bulbar circuitry, which is in agreement with the lack of morphological deficits observed during this developmental period (Figs. 2, 3, 5) . Interestingly, however, when the same experiments were performed with mitral cells from adult TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, significant differences in the frequency were noted (sPSCs: 12.4 Ϯ 1.9 vs 8.3 Ϯ 1.5 Hz, n ϭ 12 and 13 cells, respectively; sIPSCs 2.8 Ϯ 0.4 vs 1.4 Ϯ 0.3 Hz, n ϭ 12 and 13 cells, respectively, p Ͻ 0.05; mIPSCs 0.8 Ϯ 0.1 vs 0.4 Ϯ 0.1 Hz, n ϭ 7 and 10 cells, respectively, p Ͻ 0.05) (Fig. 7c,d ). There were no differences in the amplitude (sPSCs: 41.1 Ϯ 8.5 vs 43.1 Ϯ 8.9 pA, n ϭ 12 and 13 cells, respectively; sIPSCs: 32.0 Ϯ 6.4 vs 33.8 Ϯ 8.4 pA, n ϭ 12 and 13 cells, respectively; mIPSCs: 37.2 Ϯ 9.2 vs 34.2 Ϯ 9.36 pA, n ϭ 7 and 10 cells, respectively) (Fig. 7c,d ) or kinetics (data not shown) of the same events. The reduced frequency but not amplitude of sIPSCs and mIPSCs in adult TNR Ϫ/Ϫ mice compared with their TNR ϩ/ϩ littermates was consistent with the histological results showing reduced radial migration and spine density of newborn cells in the adult OB.
We next recorded evoked dendrodendritic inhibitory currents from young and adult mice. Mitral cells were recorded under the whole-cell configuration and held at Ϫ60 mV. The cells were then depolarized to 0 mV for varying periods using voltage steps ranging in duration from 10 to 50 ms. The DDI currents were obtained by subtracting traces recorded in the presence of 50 M BMI and 1 M TTX from control traces recorded in the presence of 1 M TTX alone. At P25-P30, both the amplitude and the charge of DDIs were indistinguishable between genotypes (Fig.  7e,f ) . In contrast, DDIs recorded from mitral cells of adult P60 -P120 TNR Ϫ/Ϫ mice exhibited a reduction in the amplitude of inhibitory events in response to 50, 25, and 10 ms depolarization steps (50 ms: 70.6 Ϯ 4.8 in TNR ϩ/ϩ mice, and 48.8 Ϯ 4.7 in TNR Ϫ/Ϫ mice, n ϭ 12 and 8 cells, respectively, p Ͻ 0.05; 25 ms: 60.8 Ϯ 6.8 in TNR ϩ/ϩ mice, and 38.8 Ϯ 2.8 in TNR Ϫ/Ϫ mice, n ϭ 12 and 8 cells, respectively, p Ͻ 0.05; 10 ms: 42.5 Ϯ 4.5 in TNR ϩ/ϩ mice, and 25.4 Ϯ 4.3 in TNR Ϫ/Ϫ mice, n ϭ 12 and 7 cells, respectively; p Ͻ 0.05) (Fig. 7g,h) . We also observed a reduction in the charge (Fig.  7g,h ), but not the kinetics (data not shown), of the inhibitory event in response to the depolarization step. These results clearly indicated that there was a reduction in inhibition in the OB of adult TNR Ϫ/Ϫ mice compared with their littermates. These functional deficits can be explained by the fact that the number of interneurons integrating into the OB circuitry as well as the spine density of these newborn cells is significantly reduced in adult TNR Ϫ/Ϫ mice.
Reduced inhibition of mitral cells in adult TNR
؊/؊ mice alters their synchronous activity It is well established that inhibition caused by interneurons in the OB plays a major role in the synchronous activity of output neurons, which is crucial to relaying information to the piriform cortex (Lagier et al., 2004 (Lagier et al., , 2007 . To investigate the effects of reduced inhibition on the synchronous activity of output neurons, LFPs were recorded from the mitral cell layer in acute slices from P25-P30 and P60 -P120 mice. The olfactory nerve layer was briefly stimulated at 150 -250 A to elicit LFP oscillations in the gamma range (20 -80 Hz) (Fig. 8a,c) . We calculated the oscillatory index as the strength of the oscillations, which represents the integral of the oscillations taken at a given time point. No differences in the oscillatory index were observed between genotypes at P25-P30 (Fig. 8a,b) . Importantly, however, the oscillatory index was significantly reduced in the adult P60 -P120 TNR Ϫ/Ϫ mice compared with their TNR ϩ/ϩ littermates (Fig. 8c,d) . A reduction in the oscillatory index was observed over the initial 400 ms recording period (0 -200 ms: 4.7 Ϯ 0.5 in TNR ϩ/ϩ mice, and 3.2 Ϯ 0.2 in TNR Ϫ/Ϫ mice, n ϭ 13 and 14 slices, respectively, p Ͻ 0.05; 200 -400 ms: 3.4 Ϯ 0.3 in TNR ϩ/ϩ mice, and 2.7 Ϯ 0.2 in TNR Ϫ/Ϫ mice, n ϭ 13 and 14 slices, respectively, p Ͻ 0.05). These results indicate that the decrease in the number of interneurons and the reduction in the spine density of those that had integrated into the adult TNR Ϫ/Ϫ OB affected the overall inhibition of the mitral cells, which in turn might affect the strength of the LFP oscillations.
Lack of TNR impairs some forms of olfactory behavior in adult but not young mice It has been suggested that newborn neurons play an important role in some but not all odor-associated behaviors (Imayoshi et al., 2008; Breton-Provencher et al., 2009; Lazarini and Lledo, 2011; Mandairon et al., 2011; Breton-Provencher and Saghatelyan, 2012 ). Since our histological and electrophysiological studies revealed specific alterations in adult but not young TNR Ϫ/Ϫ mice, we investigated how young and adult mice perform in different odor behavior tasks that were performed in sequence on the same mice at P25-P30 and P110 -P120. We first determined the odor concentration threshold at which the mice were able to detect an odor. Individually housed mice were ex- posed to an ascending series of octanol concentrations (diluted 10 Ϫ7 , 10 Ϫ5 , 10 Ϫ4 , and 10 Ϫ3 ). The times taken by each mouse to investigate the test odor and the control (mineral oil) were recorded. At P25-P30, both genotypes were able to detect the odor at dilutions of 10 Ϫ4 and 10 Ϫ3 (Fig. 9a) . Adult P110 -P120 TNR ϩ/ϩ and TNR Ϫ/Ϫ mice were able to detect the odor at a dilution of 10 Ϫ3 (Fig. 9a) . We next tested the odor discriminative ability of young P25-P30 and adult P110 -P120 knock-out mice. The mice were first habituated to Hept and then tested for their ability to discriminate between two discrete odors (Lim and Hept) as well as a mixture of different proportions of Lim and Hept. In this habituation-dishabituation test, the mice were habituated to Hept diluted 10 Ϫ3 using three consecutive 5 min exposures with 15 min intervals between each exposure. The investigation time during each consecutive exposure (habituation) decreased progressively. For the final presentation, the mice were presented with a novel odor (Lim) alone or mixed with Hept at different percentages. At both P25-P30 and P110 -P120 the two genotypes increased their investigation times during the fourth exposure (dishabituation), indicating that they were able to discriminate Lim from Hept at all the concentrations tested, except for the mixture in which the concentration of the novel odor was lower than that of the odor used for habituation (Hept/Lim: 58:42%) (Fig. 9b) . Since adult TNR Ϫ/Ϫ mice have a much lower number of newborn neurons , and since neurogenesis-impaired animals have defects in discriminating the complex mixture of odors (Enwere et al., 2004) , we also tested adult mice at other Lim/Hept ratios, but observed no differences in the odor discriminative ability between genotypes, regardless of the odor ratios (Fig. 9b) .
Since changes in the number of newborn neurons affect shortterm odor memory (Rochefort et al., 2002; Breton-Provencher et al., 2009; Breton-Provencher and Saghatelyan, 2012) , we tested the spontaneous short-term memory of young and adult mice by initially presenting them with an odor for 5 min followed by the same odor at 30, 60, 90, or 120 min intervals (Fig. 10a) . We considered that the mice remembered a given odor if the odor investigation time during the second exposure was Ͻ50% of the investigation time during the first and second exposures. If the time was Ն50%, we considered that the mice did not remember the odor. The mice were tested using one time interval per day, with a new odor for every time interval. At P25-P30, both genotypes remembered the odor presented to them at each time interval, except for the longest one (120 min). No difference between the genotypes was observed (Fig. 10b) . Interestingly, however, at P110 -P120, while the TNR ϩ/ϩ mice remembered the odor presented to them at all time intervals (30 min: 28.5 Ϯ 3.5%; 60 min: 27.7 Ϯ 1.9%; 90 min: 33.3 Ϯ 2.0%; and 120 min: 32.6 Ϯ 4.7%; n ϭ 10 mice), the TNR Ϫ/Ϫ mice displayed significant alterations at all time intervals tested (Fig. 10c) . The TNR Ϫ/Ϫ mice were unable to remember the second presentation of the odor after 60, 90, and 120 min (60 min: 45.1 Ϯ 4%; 90 min: 39.0 Ϯ 4.1%; and 120 min: 49.2 Ϯ 3.5%; n ϭ 11 mice). Even after 30 min, TNR Ϫ/Ϫ mice spent more time investigating the odor during the second presentation than their TNR ϩ/ϩ littermates (TNR ϩ/ϩ mice: 28.5 Ϯ 3.5%, n ϭ 13 mice; TNR Ϫ/Ϫ mice: 37.8 Ϯ 2.8%, 11 mice; p Ͻ 0.05) (Fig. 10c) . These results indicate that reduced neurogenesis resulting in impaired bulbar function selectively affects the spontaneous short-term memory of adult mice.
Discussion
The present study reveals that the mechanisms guiding radial migration of neuronal precursors in perinatal and adult OBs rely on different molecular pathways. We show that TNR is expressed relatively late during bulbar development and that it reduces radial migration and spine development of newborn granule cells in the adult but not perinatal OB. Reduction in the number of newborn neurons profoundly affect the functioning of the bulbar neuronal circuitry by decreasing the overall level of inhibition received by mitral cells, which alters their synchronized activity. This, in turn, induces changes in specific types of odor behavior in adult but not young TNR Ϫ/Ϫ mice. Our novel results highlight for the first time that molecular mechanisms regulating various processes in postnatal neurogenesis are distinct at different periods of an animal's lifetime.
Olfactory bulb neurogenesis in perinatal and adult OBs
It is thought that adult OB neurogenesis is a continuum from developmental neurogenesis and that it relies on mechanisms that also operate during embryonic and early postnatal development. It is noteworthy, however, that the SVZ-OB pathway undergoes marked structural modifications during postnatal development (Law et al., 1999; Peretto et al., 2005; Bozoyan et al., 2012) , and important morphological and functional differences exist between newborn neurons produced at different periods of postnatal development Imayoshi et al., 2008; Kelsch et al., 2008; Breton-Provencher and Saghatelyan, 2012) . Particularly pertinent to the present study are observations of differential targeting of newborn neurons produced during neonatal development and adulthood Imayoshi et al., 2008) . Newborn neurons produced during the early postnatal period are predominantly localized in the superficial GCL, whereas the percentage of adult-born neurons is higher in the deep GCL . In addition, genetic ablation of adult neurogenesis results in the elimination of granule cells in the deep, but not superficial, GCL (Imayoshi et al., 2008) . These observations indicate that the molecular mechanisms controlling the targeting of newborn neurons in neonatal and adult OBs may be different. In line with this study are our results showing that the expression of TNR in the OB peaks at P30 and remains at this level into adulthood, and that TNR plays an important role in guiding newborn neurons in the adult OB but not in the perinatal OB. While the mechanisms controlling radial migration in the perinatal OB remain to be elucidated, it has been previously shown that embryonic OB harbors radial glia that extends processes from the ventricle to the OB surface (Puche and Shipley, 2001) . During development, the majority of neuronal precursors in the neocortex, hippocampus, and cerebellum use glial processes for their migration (Hatten, 2002) , and it is likely that in the developing OB neuroblasts also migrate along radial glia processes to reach their final destination. Interestingly, while it has been recently demonstrated that radial glia-like cells are present and might modulate the neuronal migration in the adult OB (Emsley et al., 2012) higher number may account for radial migration in the developing OB. We propose that drastic reduction in the number of radial glialike cells in the adulthood (Puche and Shipley, 2001; Emsley et al., 2012) combined with the expression of specific molecular cues such as TNR underlies changes in mechanisms of radial migration during postnatal development. This could explain the different pattern and dynamic of radially migrating neuroblasts at different periods of an animal's lifetime. Altogether, our results provide the first evidence for the existence of distinct molecular pathways controlling radial migration of neuroblasts during different periods of postnatal bulbar neurogenesis.
Role of TNR in adult OB neurogenesis
Using time-lapse video imaging, we demonstrated that a lack of TNR decreases the radial migration of neuroblasts in the adult OB, which is consistent with the accumulation of BrdUϩ cells in the RMS OB of TNR Ϫ/Ϫ animals . Interestingly, a lack of TNR affected radial migration in the RMS OB and GCL, but not tangential migration in the RMS OB , indicating that TNR is not a "stop" signal for tangentially migrating neuroblasts, but rather favors the initiation of radial migration in the OB. A lack of TNR resulted in longer stationary phases of radially migrating neuroblasts. It has been suggested that TNR can be a "conducive" molecule (Lochter et al., 1995) , and our data are in line with the facilitating effect of TNR on neurite outgrowth and growth cone dynamics of DRG neurons (Taylor et al., 1993) . In addition, TNR affected the spine density of newborn GCs in the adult OB. In the hippocampus, TNR is localized at the edges of perisomatic inhibitory synapses , and TNR deficiency leads to structural alterations and a reduction in the number of perisomatic inhibitory synapses (Nikonenko et al., 2003) .
Defects in the radial migration and spine development of newborn interneurons in the adult OB compromises the functioning of the bulbar neuronal network. Both spontaneous and evoked inhibitory currents received by mitral cells in TNR Ϫ/Ϫ mice were affected. In line with the reduced number of interneurons and spine density, and thus the reduced number of GABA release sites, the frequency of sIPSCs and mIPSCs was decreased. On the other hand, no changes in the amplitude and kinetics of sIPSCs and mIPSCs were observed, indicating that the functioning of postsynaptic GABA A receptors is not affected by the lack of TNR. This contrasts with the results obtained in the hippocampus, where a lack of TNR also affects the amplitude of postsynaptic GABA A receptor currents ). This effect has, however, been attributed to the role of the HNK-1 carbohydrate moiety on the TNR protein backbone (Saghatelyan et al., 2000 (Saghatelyan et al., , 2003b . Thus, expression of HNK-1 in the OB will be interesting to analyze. Evoked DDIs recorded from mitral cells were also affected in the adult TNR Ϫ/Ϫ mice. It has been shown that the inhibition received by mitral cells is required to synchronize their activity (Bathellier et al., 2006; Lagier et al., 2007; Breton-Provencher et al., 2009 ). Experimental and theoretical approaches have revealed that decreased DDI amplitudes underlie changes in the oscillatory activity of mitral cells (Lagier et al., 2007) . Our results showing that a decrease in the inhibitory drive of mitral cells in the adult TNR Ϫ/Ϫ mice resulted in reduced synchronized activity of these principal neurons is in agreement with this.
The synchronized activity of mitral cells is thought to be involved in odor information processing (Laurent et al., 2001; Saghatelyan et al., 2003a; Lagier et al., 2007; Breton-Provencher et al., 2009 ) and newborn bulbar interneurons play an important role in this process Mandairon et al., 2011; Breton-Provencher and Saghatelyan, 2012) . Our behavior experiments are also in line with these observations since adult TNRdeficient mice showing compromised adult neurogenesis and changes in the functioning of the bulbar network, performed poorly in specific odor behavior tasks. In terms of spontaneous odor tasks, it has been shown that adult-born neurons are involved in the discrimination of perceptually similar odors and short-term odor memory (Rochefort et al., 2002; BretonProvencher et al., 2009; Moreno et al., 2009 ). Using two dissimilar odors at different dilutions, we were unable to detect any differences in the odor discrimination between TNR ϩ/ϩ and TNR Ϫ/Ϫ mice, unlike observations showing that aged mice with reduced neurogenesis perform poorly in fine odor discrimination tasks (Enwere et al., 2004) . It should be mentioned, however, that Enwere et al. (2004) used an associative odor discrimination paradigm where mice are trained to associate an odor with a water reward, which may not be comparable to the test used in the present study. It is conceivable that, depending on the nature of the odor discrimination test (spontaneous vs associative), the involvement of adult-born neurons may be different. In line with this are observations that the involvement of newborn neurons in operant versus nonoperant odor-conditioning olfactory tests is different (Mandairon et al., 2011) . With regard to spontaneous short-term odor memory, it has been shown that environmental enrichment that increases the number of newborn neurons in the adult OB improves short-term odor memory (Rochefort et al., 2002) , whereas pharmacological ablation of adult-born neurons reduces short-term odor memory (Breton-Provencher et al., 2009) . Our observation that spontaneous short-term memory is reduced in adult TNR Ϫ/Ϫ mice is in agreement with these reports. While several behavioral alterations such as increased anxiety and decreased motor coordination have been reported for TNR Ϫ/Ϫ mice (Freitag et al., 2003) , we believe that these changes are unlikely to account for the modifications in odor behavior observed in the present study. First, we used the same experimental paradigm in terms of spatial, motor, and contextual characteristics for the odor discrimination, odor detection, and short-term odor memory tests, and observed modifications exclusively in short-term odor memory tasks. In addition, we used the same cohort of mice at P25-P30 and P110 -P120 and observed changes in odor behavior only in the mice at P110 -P120, whereas alterations in anxiety and motor behavior appeared already in mice at 3 weeks of age. Thus, our study, in addition to identifying the molecular cue that differently regulates radial migration and spine development of newborn cells in the perinatal and adult OB, also supports the notion that that newborn neurons in the adult OB are involved in some, but not all, odor behavior tasks (Breton-Provencher et al., 2009; BretonProvencher and Saghatelyan, 2012) .
